Supersonic aircraft designers must shape the outer mold line of the aircraft to improve multiple objectives, such as mission performance, cruise efficiency, and sonic-boom signatures. Conceptual designers have demonstrated an ability to assess these objectives for a large number of candidate designs. Other critical objectives and constraints, such as weight, fuel volume, aeroelastic effects, and structural soundness, are more difficult to address during the conceptual design process. The present research adds both static structural analysis and sizing to an existing conceptual design framework. The ultimate goal is to include structural analysis in the multidisciplinary optimization of a supersonic aircraft. Progress towards that goal is discussed and demonstrated.
I. Introduction
he conceptual design of an efficient and economically viable supersonic jet aircraft requires multidisciplinary and multifidelity analysis and optimization. The outer mold line (OML) must be shaped for efficient operation at subsonic, transonic, and supersonic speeds, while accounting for fuel volume, center of gravity (CG) placement, sonic-boom production, and a host of other considerations. The conceptual design process is challenging even with high-powered computer resources and validated analysis software. One significant obstacle in conceptual design is the production and maintenance of consistent models (i.e., the creation of input files for each analysis code as the geometry is modified). Another significant obstacle involves the creation and analysis of internal structural models and the adjustment of those models to account for changes in fuselage shaping, landing-gear placement, wing geometry, and other similar conceptual design changes.
An integrated process for multifidelity, multidisciplinary, design optimization and analysis of supersonic transports is described in Refs. 1 and 2. This process is implemented in the ModelCenter framework, § which is a product of Phoenix Integration. 3 The conceptual design process includes propulsion system design and analysis, mission performance and takeoff analysis, and noise assessment. Several new features facilitate geometry modification and geometry visualization, while automatically creating consistent inputs for all analyses, including watertight OML and volume grids for computational fluid dynamics (CFD) analysis. However, the conceptual design process that is described in Ref. 1 uses empirical weight estimates in lieu of static structural analysis.
The addition of structural analysis to the existing conceptual design and optimization process is an important next step. Ideally, the updated process will quickly discriminate between promising designs and non-viable designs (e.g., those with insufficient space for necessary support structure). Given a promising design, the process will create a finite-element model (FEM) and estimate the total weight, CG, and maximum wing-tip deflections. As an option, the process will execute modal analysis, static aeroelasticity, and sizing optimization. Moreover, the process will automatically create an FEM with sufficient detail to guide further analysis and preliminary design by experts in structures, aeroelastics, and materials. Figure 1 shows views of the conceptual design process that is implemented in the ModelCenter framework. Each of the grey boxes on the right side of Fig. 1(a) represents a top-level analysis component, such as propulsion or performance analysis. These ModelCenter components are activated and deactivated by user inputs, which are shown in green. For example, the noise variable is set to false; thus, the community noise component is deactivated.
II. Enhanced Conceptual Design Process
The top-level components in Fig. 1(a) can be expanded to show details at the lower levels. For example, Fig. 1(b) shows some details of the structures component. This component executes an initial static analysis followed by one of four choices: sizing optimization, modal analysis, aeroelastic analysis, or no additional analysis. Again, these analysis paths are selected through the top-level inputs (e.g., note that the structures variable is set to taxi loads).
Reference 1 documents the conceptual design process and discusses many advantages to using commercial framework software. One significant advantage is the ability to set up a wide variety of iterative processes and thereby implement trade studies, design of experiment (DOE) studies, and multidisciplinary optimization tasks. Each cycle of the iterative process automatically changes the geometric variables, repeats analysis components, links component outputs to subsequent component inputs, and collects the final output values. The ModelCenter framework provides a simple and flexible mechanism for linking the results of one analysis with the inputs to the next analysis. The framework software handles all of the data manipulation and allows the conceptual designer to focus on the design task.
III. Structural Analysis
This present paper discusses the addition of structural analysis to the conceptual design process that is pictured in Fig. 1 and described 
A. Goals
The overall goal of this research is to identify viable structural designs at the conceptual design stage. To achieve this goal, the design process must be modified to include the following: 1) Automatic generation of an internal structural model with all elements connected, all loads applied, and no elements outside of the OML. 2) FEM generation with the results of static analysis available in minutes. 3) FEM optionally modified for reuse for sizing optimization or modal analysis. 4) Static aeroelastic analysis for a matrix of flight conditions as an option. 5) Parsed output files with selected results available to conceptual designers or for iterative processes. 6) Input and output files available for further study. 7) Generated models with the appropriate fidelity for conceptual design tasks that also can serve as baseline models for preliminary design tasks.
B. Possible Approaches
Several existing approaches for adding structural analysis to the conceptual design process were considered before the current approach shown in Fig. 2 was implemented. None of the pre-existing approaches met all of the stated goals.
The most common approach is to manually create and execute the FEM. For example, an analyst can use the Patran and Nastran software, both products of MSC Software Corporation, to import an existing graphics specification file (e.g., a file in IGES format), create an internal structure, mesh the structure, and complete the analysis. 4-6 This approach is slow and requires a high level of structural expertise and familiarity with the Patran software and the Patran graphical user interface (GUI). Whenever the OML changes, a new graphics specification file is produced, and the whole process must be repeated manually. Moreover, because some of the required details are not contained in the graphics file, several other output files must be consulted. The merging of information from many sources is a frequent cause of input errors and can lead to inconsistency between the structural results and the results from other disciplinary analyses such as CFD.
Another common approach is to use a specialized language to sketch the internal structure. Both the RapidFEM software, a product of M4 Engineering, and AML software, a product of Technosoft, Inc., are commercially available products that can be used with this approach. The RapidFEM software has been demonstrated as part of an integrated framework. 7 The AML software has been integrated into its own framework, called AMRaven, and used in aircraft design and shape optimization research. 8,9 Thus, both software products are capable of generating an FEM and are candidates for use in this research. 10 Both software products can be applied to a range of different aircraft types. The AMRaven framework provides convenient parameterized geometry, and the RapidFEM software can perform static aeroelastic analysis for a matrix of flight conditions. 7-10 One drawback to these approaches is that both software products use special-purpose languages that are relatively new and not widely available. More significantly, both approaches require a level of structural expertise that may not reside in a conceptual design team.
C. Implementation Details
The current approach to adding structural analysis to the conceptual design process was implemented by using the ModelCenter framework, the MSC Software products (i.e., Patran and Nastran), and the Hypersizer software, which is a product of Collier Research. 11 These software products are widely used within NASA. Figure 2 illustrates the steps to this approach. The ModelCenter framework links outputs from the geometry component to the structures component. The structures component imports the conceptual geometry as a set of airfoil and fuselage cross-sections that define the OML. This information is used to produce Patran command language (PCL) code that defines both an internal structure and the flat-plate aerodynamic surfaces.
Figures 1 through 3 illustrate the interaction between the ModelCenter framework and the Patran software. In addition to the OML geometry, several inputs are needed to guide the creation of the FEM. The required inputs include the number of stringers in each section of the wing, the location of the landing gear, the weight and CG of the fuel, and other details. Using the ModelCenter framework, the conceptual designer can type in an estimate for each input, or accept the default value, or create links between the outputs from other analysis components and the structures component. For example, Fig. 3 (a) shows that the weight of the fuel is provided through a link between the Lofi_weight component and the structures component. Both components use the framework variable fuel. Figure 3 (b) contains a section of Patran PCL code that is automatically generated by the structures component and Fig. 3 (c) shows some of the input and output values that are visible in the ModelCenter framework. Notice that the weight of the fuel, 43,785 lb, has been captured from a ModelCenter framework variable called fuel and has been assigned to a Patran variable called nsm_fuel. In a similar manner, all of the information that is required to create a consistent FEM is captured in the Patran PCL language. The resulting Patran session file and Nastran bulk data file are executed in the ModelCenter framework. Diagnostic output information, such as the structural weight, the maximum deflection, and the aircraft CG can be parsed from the Nastran output files and made available in the ModelCenter framework. For example, the total weight of the vehicle in pounds (tot_wt) and the maximum downward deflection in inches (ztip) can be seen in Fig. 3(c) . Moreover, the entire Patran PCL input file and the Nastran output file can be viewed in a "large data monitor" window that is similar to that pictured in Fig. 3 
D. Assumptions and Challenges
Numerous challenges must be overcome to add structural analysis to the conceptual design process. One significant challenge is the need to create Patran PCL code (see Fig. 3 (b)) that is robust to changes in the shape of the OML or to changes in the number of cross-sections that are used to describe an OML. A typical user-generated Patran session file contains many instances of specific element numbers or geometry specifiers. The frameworkgenerated session file must replace all of the specific items with Patran variables and arrays, so that the PCL code is adaptable to changes in the inputs. Moreover, an engineer can use the Patran GUI to determine the top surface of the wing from the bottom surface by inspection, but a flexible session file must include tests to determine the surface order. Section IV illustrates the types of results that can be automatically generated. Section V demonstrates the success of this approach with a large DOE; the numbers of successes and the causes of the failures are reported.
A key to meeting the goals and overcoming the challenges that are mentioned earlier is to limit the scope of the research project. For example, the present project focuses on supersonic business jet design. The structural layouts of several supersonic fighter jets and the SST Concorde are available. Based on these existing supersonic designs, a classic metallic (i.e., black aluminum) configuration with frames, spars, stringers, and stiffened panels is selected. The wing design outboard of the landing gear location is a classic thin wing that connects to a typical wing/body configuration inboard of the landing gear. All designs have two wing spars and one kicker spar, a single T-tail, and fuselage-mounted engines, but the number of stiffeners in each section can be varied. The number of passengers and crew can be varied, but all passenger-related payload is located in the portion of the fuselage that is located ahead of the wing box. Figure 4 shows the top view of the baseline design with main wing skins removed. 
IV. Sample Results
The current approach assumes a class of aircraft, for example, supersonic business jets, and makes assumptions about the internal structure that is appropriate for that class. Within that class, the conceptual designer should be able to define a new OML, make large changes to an existing OML, change mission or propulsion specifications, and assess the effect of those changes on the structure. This section shows some typical results for a supersonic business jet. Figure 5 shows the Von Mises shell force resultant due to lateral taxi loads. Color contours indicate the high stress areas in the wing and fuselage skins; these surfaces are modeled with aluminum plates. The horizontal and vertical tails and pylons are shown as white shapes that are outlined in blue; these surfaces are modeled with composite plates to increase their bending stiffness. Notice that the higher stress levels occur where the engine pylons attach to the fuselage and where the landing gear attaches to the wing box.
Results similar to those in Fig. 5 can be studied for all bar elements and shell elements. These resultant forces become the inputs to the structural sizing code, Hypersizer. The forces that are shown in Fig. 5 are quite low; thus, the Hypersizer optimization is likely to reduce the weight of the structure.
The Hypersizer software uses a simplified combinatorial optimization process. 11 All of the elements in the FEM are sorted into groups. For example, the baseline case defines seven Hypersizer groups: fuselage skins, wing skins, webs, frame caps, landing gear, fuselage frames, and tail beams. Each group is sized by enumerating combinations of materials and structural concepts, beginning with the lightest choices. For example, the landing-gear elements are aluminum tubes with five choices of material thickness and six choices of tube radius. The heuristic optimization process tries combinations of thickness and tube radius and terminates when the margin of safety (MOS) constraints are satisfied or all combinations have been tried. Higher fidelity results are available if the numbers of materials, structural concepts, groups, and load cases are increased, but the computational cost increases as the number of combinations increases.
Figure 5.
Static analysis results for the baseline case (color contours denote shell forces in psi). Figure 6 shows the displacements that result from vertical taxi loads; Fig. 6(a) shows the displacements that are computed prior to the Hypersizer optimization, and Fig. 6(b) shows the same displacements after the Hypersizer optimization. The deflected shape is shown with color contours; the undeflected mesh is shown in dark blue. For the baseline case, the optimization process has improved the design by reducing the total weight from 122,800 lb to 87,500 lb and by reducing the maximum deflection from 10.3 in. to 5.9 in. These results are preliminary because they are based on a relatively small number of sizing variables and on two load cases; however, they do provide conceptual designers with a credible way for comparing competing designs.
(a) Initial results.
(b) Results after structural sizing. Figure 6 .
Static analysis results for the baseline case. Color contours denote displacement in inches. Figure 7 shows representative results from a modal analysis that was applied to the FEM created by the Hypersizer optimization. Twenty modes were calculated; the first six modes represent rigid body motion, as expected. The next 14 modes represent typical aircraft bending and torsion modes. For example, mode 7 and mode 9 are pictured in Figs. 7(a) and 7(b), respectively. Mode 7 has a frequency of 1.4 Hz and shows torsion of the vertical tail. Mode 9 has a frequency of 2.8 Hz and shows wing and horizontal tail bending. Results such as these can be used to assess the structure and to identify and correct minor errors in the automatically created FEM. In the case of the modes that are shown in Fig. 7 , the frequencies are quite low and suggest that the structure should be stiffened. Figure 8 shows the Hypersizer results after the initial structural sizing optimization. Notice the red bars in both the pylon frame and the wing box frame. These bars have an unacceptable MOS. A similar plot of the shell elements would show that the fuselage skin has a negative MOS. These results are typical of the automatically generated Hypersizer output. For conceptual design purposes, a comparison of structural weight after a Hypersizer optimization is recommended to evaluate one design against another. However, the results that are shown in Fig. 8 are based on a limited set of combinatorial variables. Moreover, only two static analysis load cases were used to size the structure. Adding aeroelastic load cases that span the mission envelope would be necessary to obtain more credible sizing results. The supersonic conceptual design process includes an aeroelastic analysis that was implemented with MSC/Nastran flight loads software, but this capability needs further testing and development.
These results demonstrate the successful addition of the Hypersizer software to the Model Center framework. The results indicate acceptable effectiveness of the limited initial set of controls that were implemented. A vehicle sizing engineer was able to further reduce the mass of the aircraft structure by 50 percent by making a few changes to the design limits and panel buckling lengths. Incorporation of these insights into the baseline process is currently underway and should be accomplished in the short term. In the longer term, providing feedback on various types of critical regions, including those that are oversized, undersized, or highly stressed, will assist sizing engineers, loads engineers, and geometry creators. The repartitioning of sizing regions to isolate sub-regions with different sizing requirements (e.g., the landing-gear and the pylon attachment zones) is also under discussion.
V. Design of Experiments
The success of this research can be judged against the goals that are stated in section III. Several of those goals involve the automatic creation of an FEM and the execution of structural analysis codes. To evaluate progress towards these goals, nine geometric design variables were defined, and a DOE test that consisted of 50 cases was run. The 50 cases were constructed in the ModelCenter framework using a Latin hypercube design with the lower and upper bounds that are given in Table 1 . The cases varied the geometry of the main wing and the horizontal tail. Four of the 50 cases are shown in Fig. 9 . Each case modified the geometry, repeated the mission analysis, created and executed the Patran and Nastran input files, and returned the results of a static structural analysis. The average computation time per case was 4 minutes on a Linux server during a normal work day. The baseline design (see Fig. 4 ) and the design variables listed in Table 1 were provided by conceptual designers in the Aeronautics Systems Analysis Branch at NASA Langley Research Center. Selecting the baseline case was an iterative process. The first concept failed in Patran because the wing extended below one section of the fuselage. The revised geometry succeeded, but had poor mode shapes because the horizontal tail was barely connected to the vertical tail. A second concept failed in Patran because the structures component added ring frames near the nose of the fuselage where the designer specified the radius to go to zero. The third concept is the baseline that was used in this paper.
The process of defining a baseline design illustrates some of the strengths and weaknesses of this research effort. Many of the cases that failed were not viable designs. Thus, the designers gain valuable information even from failures. On the other hand, each new concept presented new challenges for the structures component software; thus, the structures component became more robust with time.
The initial DOE tests with the baseline design had many more failures than successes. The lower and upper bounds on the design variables had to be adjusted. For example, if the #2 wing section sweep was too high or the #2 wing section tip chord was too small, then the volume that was needed to attach the fuselage to the wing was small and oddly shaped. In that case, the logic that was used to create the wing box, main spars, and the kicker spar would fail, and the Patran software terminated prematurely. Figure 10 shows an example of a geometry that would fail. Here, the baseline design was altered so that the #2 wing section sweep was 77 deg and the tip chord was 26 ft. The figure shows the GUI for the Vehicle Sketch Pad (VSP) software; 12 each new concept is developed using VSP. The wing is shown in red, and wing sections #1 through #4 are visible in the figure.
The results of the DOE test that is described in Table 1 were encouraging. Of the 50 cases, 41 cases executed in both MSC/Patran and MSC/Nastran. Of the 41 completed runs, 19 were fully successful. Many of the other automatically created models would run successfully if minor manual adjustments were made to the Nastran bulk data file (e.g., finding and fixing a few missing connections between elements).
Following the DOE test, several of the cases were rerun in the ModelCenter framework. An additional 30 cases were performed to test the Hypersizer optimization. Given a fully successful MSC/Nastran input file, the Hypersizer optimization executed automatically without errors. Similarly, a fully successful Nastran input file can be automatically adjusted to perform modal analysis. It is possible to add either Hypersizer optimization or modal analysis to a large DOE test, but the normal practice is to run a single case and study the results in the Patran or Hypersizer GUI. Several other cases from the DOE test were rerun in order to diagnose the causes of the failures. The most common failure in MSC/Patran involved the complicated intersection between the fuselage and the main wing (see Fig. 9 ). This intersection changed when the #2 wing section variables changed. The placement of the kicker spar and its attachment to the fuselage frame was a related source of failure.
Although the DOE test exposed some issues with robustness, adding structural analysis to the conceptual design process clearly has value. Some of the concepts that failed to produce a fully successful FEM are poor designs that need to be adjusted by the designers. This is valuable feedback to the designers and an important constraint on any multidisciplinary design optimization process. On the other hand, many of the concepts produced an acceptable FEM. Each structural model is adjusted for fuel weight, number of passengers, engine location and any other changes that are made by the designer. Thus, if the designer finds a concept that looks promising, the FEM can be sent to a structures or aeroelasticity expert for further analysis. This is a highly valuable form of communication that did not exist in the past. Based on the results of the baseline and DOE tests, the goals of this research were partially satisfied. This automated process lacks robustness, and the aeroelastic analysis option is still being developed. However, the results are available automatically in a few minutes. Further, the results can be used to compare many conceptual designs in a timely manner. The structural analysis input files can be created and saved by non-experts and then shared with structures, materials, and aeroelasticity experts. Several groups of experts at NASA Langley Research Center were consulted; their feedback indicates that the automatically generated files contain all of the information that would be needed for a more detailed assessment of each design. No group thought that the FEM had all of the fidelity or the features that would be required for their analyses. However, they concluded that most of the shortcomings of the automatically generated structural input files would be easy to address. Moreover, they applauded the idea that each group would obtain the same baseline model.
VI. Conclusion
Structural analysis was added to an existing conceptual design process. The structures component in the ModelCenter framework creates a Patran session file, a Nastran bulk data file, and Hypersizer input files based on the conceptual design geometry that is defined in the Vehicle Sketch Pad (VSP) software. The structures component successfully adapted to changes in the outer mold line and to changes in other user inputs. A static structural analysis based on landing loads can be completed in approximately four minutes. Sizing optimization and modal analysis are available options, but these require more computer time and resources. The robustness of these processes was assessed using the design of experiments (DOE) capability in the ModelCenter framework.
The present approach provides many benefits to conceptual designers. The approach offers a better method for comparing the structural viability of candidate designs. The approach produces possible structural layouts and information regarding the weight and rigidity of the design. The approach automatically incorporates estimates of fuel weight, non-structural mass, landing gear placement, and configuration changes as the design evolves.
The present approach provides an improved mode of communication between conceptual designers and experts in structures, controls, materials, and aeroelasticity. The final baseline design can be communicated as Patran, Nastran, and Hypersizer input files. Each group of experts can modify the files to facilitate their own studies, but all have a common baseline.
